Abstract A baroclinic ihrec-dimensional (3D) hydrodynamic model with ihe nonhydroslatic approximalion called Massachusetts Institute of Technology -Global Circulation Model (MlTgcm) has been applied to simulate the generation of internal tidal bores and their disintegration into internal solitary waves in the Strait of Lombok. Numerical simulations have been carried out by incorporating seasonal variations of the stratification of [he water body, which exist during the 1" transitional monsoon, the east monsoon, the 2 M transitional monsoon, and the west monsoon. Our simulation yields the results that the existence of the sill at the southern part of the Lombok Strait, strong tidal flow, and a stratified fluid, play an important role in forming some short of divergence and convergence area as an indication of the birth of internal waves, which are simulated on the both sides of thcsill. The simulated results reproduce reasonably well the basic features of internal waves in the Strait of Lombok as captured by the Synthetic Aperture Radar (SAR) from the European Remote Sensing (ERS) satellites ERS I and ERS 2, such as a north-south asymmetry, propagation speeds, average amplitudes and wavelengths, and soliton packets. Similar to observations made by National Oceanic and Atmospheric Administration (NOAA) satellites, the simulation results also showed the intrusion of warm water from the Pacific Ocean into the Indian Ocean and the existence of well-developed thermal plume at south of the sill. Seasonal variations of interface depth of thermocline and the density difference between the stratified layers influence magnitudes of the amplitudes and wavelengths of the internal waves and solitons, and the distance of thermal plume in the Lombok Strait. It is found that during the monsoon transition periods and the west monson, ihe amplitudes of internal waves and solitons at the southern part of the strait is apparently larger than those at the northern one, whereas during the east monsoon, the wave amplitudes is larger north of the sill than south of it. Meanwhile, the propagation speeds of northward propagating internal solitary waves (0.71 -2.67 m/s) arc stronger than southward propagating ones(0.21-1.53 m/s) throughout the monsoon periods.
Introduction
Internal waves are motions that occur beneath the free-surface of a densitystratified water body, which carry energy and momentum through a basin and contribute to mixing events in littoral regions that prompt changes of marine ecosystem. As an external force (i.e., wind, river inflow, and tides) moves the density layers from their equilibrium position, an internal wave is initiated to restore the system to equilibrium. Internal waves propagate through the basin and interact with the basin boundaries;* this internal wave -slope interaction is an important source of energy that transports CO" nutrients, biota and contaminants through the water column (Imberger and Ivey, 1993 ; Javame/a/.. 1999).
Biogeochemical processes in oceans, lakes, and estuaries evolve against the background of vertical density stratification. One of the most important parts of the biogeochem ical processes in the oceans is the CO, cycle, which plays an important role in the mechanism of global warming.
The subject of internal waves interacting with bottom topographic features in the ocean has received much attention in the past few decades. This is mainly attributed to a proposition that instabilities and breaking of internal waves at boundaries can be a significant source of turbulence, leading to mixing and transport in the ocean (Munk and Wunsch, 1998) . Amplitudes (peak to through) of internal waves in several seas may exceed 30 m, such as ±40 m in Andaman Sea (Massel, 1999) , ±90 m in Gibraltar Strait (Bockel, 1962) , and >I00 m in the Lombok Strait (Susanto el al., 2005) . Regarding to estimation of the internal wave energy, researchers from University of Washington -USA have determined the direction of the internal waves and their strength in terms of kilowatts per meter of ridge length (http://unisci.com), namely about 5 to 10 kilowatts per meter along the Hawaiian Ridge, more than 40 kilowatts per meter over the submerged Kaena Ridge off western Oahu, and about 60 kilowatts per meter measured at the French Frigate Shoals 400 miles northwest of the Hawaiian Islands.
Most of the internal wave studies were carried out by using field measurements of physical sea water properties and SAR images. Packets of internal waves acquired from satellite images are often covered by clouds, so that it is difficult to monitor the spatial and temporal variability of the internal waves. In addition, field measurements of oceanographic parameters to predict internal waves need high cost. By considering the constraints of both methods, in this paper we address to study internal waves by using a numerical model. With the development of both computer and numerical methods for solutions of timedependent flows, numerical simulation has become an economic and effective way to obtain the required, flow parameters compared to the high cost of performing field observations. According to Brandt el at. (1997) , when modeling internal waves, the problem can be separated into a "generation phase" and a "propagation phase". In a "generation phase", the hydrostatic approximation is usually applied (Hibiya, 1986 (Hibiya, , 1990 Longo el «/.. 1992) . Here, the hydrostatic "generation phase" describes the dynamics of the water masses in the region near to sill where the internal bores are generated. Meanw hile, a non-hydrostatic one is required for a "propagation phase" (Gerkema and Zimmerman, 1995; Brandt etal., 1996) . The non-hydrostatic "propagation phase" describes the dynamics of the water masses outside the generation region where the internal bores may disintegrate into internal solitary waves.
In general, large-scale ocean and littoral modeling have traditionally made the hydrostatic approximation, which neglects non-hydrostatic pressure and subsequently vertical momentum. A typical hydrostatic ocean model applies a spatial grid with an aspect ratio (Az/Ax) of 0( 10"), where Az and Ax are vertical and horizontal grid spacing, respectively. Hence, typical value of vertical velocity is small compared to the horizontal one, so that the vertical acceleration can be neglected. The hydrostatic approximation fails at open boundaries and at steep slopes with strong vertical velocities. Linear waves that arc damped by viscous effects may be considered to behave hydrostatically, while internal waves that steepen nonlinearly are inherently non-hydrostatic. It is suggested that non-hydrostatic pressure is essential for proper modeling of internal wave development and propagation (Wadzuk. 2004) . Therefore, this new-development of non-hydrostatic approximation is of particular importance for a comprehensive investigation of generation and propagation of internal waves.
In our previous study, as preliminary investigation, we have carried out simulation of internal wave generation in the Lombok Strait by using the hydrostatic approximation (Ningsih et al., 2004) . As an extension of this study, we have investigated the propagation of internal waves in the Lombok Strait by applying a non-hydrostatic approximation. So that, the dynamics of the water masses outside the generation region where the internal bores may disintegrate into internal solitary waves as captured by SAR images will be able to be simulated by the model. In the southern part of the strait, the channel is divided into two by the smal I Nusa Penida Island. The channel at the western part of this island (Badung Strait) only has a cross sectional area less then one-fourth of the main channel and its water depth is less than 100 m. The eastern channel is deeper, connects Nusa Penida Island with the lombok Island, and has a sill with a maximal depdi of 350 m and a length of 20 km. In the southern part of the strait the huge amount of water flowing from the Pacific Ocean into the Indian Ocean, sometimes more than 4 million cubic meters of water per second, is pushed over the sill causing a large speed current (Visser, 2004) . In addition, due to topographic constrictions, tidal current velocity in the Strait of Lombok can attain values as high as 3.5 m/s in the sill region (Murray and Aricf. 1988; Murray et al., 1990) .
The tide in the Lombok Strait is produced by tidal waves from the Indian Ocean; and at the sill region, it is predominantly semidiurnal. However, the tide in the northern part of the Lombok Strait is predominantly diurnal cycle and tidal current amplitudes there range from 0.20 to 0.50 m/s (Murray and Arief, 1988) During most of the year, a seasonal thermocline is present in the strait. Together with a large tidal current and the presence of stratified water, one can imagine that the huge amount of water flow passing the sill can lead to large oceanographic phenomena, such as internal wave generation, mixing, and transport mechanisms in and around the Lombok Strait. More detailed information on the hydrodynamics of the Strait of Lombok can be found in Murray and Arief (1988) , Arif (1992) , Arif and Murray (1996) . and Hautala et al (2001) . (Susanto etal, 2005 and .
Observation of Internal Solitary Waves
In the previous study Mitnik and Alpers, 2000; Ningsih et al., 2004; Susanto et al., 2005) , it was suggested that the internal solitary waves in the Lombok Strait were generated in stratified water by tidal currents in the sill area between the Nusa Penida and Lombok Islands. In addition, Susanto et al. (2005) concluded that background current (i.e., the ITF), tidal conditions, stratifications control the internal-wave generation and propagation in the Strait of Lombok.
Several observation of internal solitary waves generated in the Strait of Lombok was made by the SAR from the ERS 1 and ERS 2 satellites. Figure 1 shows ERS-1/2 images, which were acquired at 02:32 UTC on 23 April 1996, on 27 August 1997, on 5
November 1997, and on 15 December 1999, respectively (Susanto et al., 2005 and . The period of the SAR images were chosen to represent typical times of the west-east transitional monsoon, the east-monsoon, the east-west transitional monsoon, and the westmonsoon in order to investigate characteristics of internal waves and their variation in the Lombok Strait. The images in Figure 1 show clearly sea surface manifestations of packets of internal solitary waves (circular bright/dark patterns) propagating both southward and northward. Susanto et al. (2005) 
Model Description and Its Application

Governing Equations
Simultaneous satellite SAR sensing, measurement data, and numerical models can be used to estimate characteristics of internal waves as well as to calculate tJieir dynamic parameters. In this study, in order to describe and to predict the dynamics of water masses and internal waves in the Lombok Strait, we have carried out numerical simulations of their dynamics by applying a baroclinic three-dimensional ocean circulation model called MITgcm described by Hill and Marshall (1995) , Marshall et al. (1997) , Adcroft et al. (1997) , Adcroft and Marshall (1999) , Marotzke et al. (1999) ; , , and Marshall et al. (2004) . The governing equations used in the model are the semicompressible Boussinesq equations. The MITgcm was selected because it has nonhydrostatic capability in the Boussinesq equations and so can be used to study both the generation of internal tidal waves and their disintegration into internal solitary waves.
The system of equations with the semicompressible Boussinesq and nonhydrostatic approximation in z-coordinate are given by: 
Model Parameters
In this study, to reduce the large amount of computational grids in the model domain, we approximate the computational domain and bottom topography of the Strait of Lombok with a uniform channel width only, but it retains.the feature of its bottom topography by including a realistic depth profile, as plotted in Figures 2a and  2b .
The bottom topography was interpolated from the GTOPO30 data set (http://topex.ucsd.edu/cgi-in/get_data.cgi).
• The model domain covers a distance of 244 km in the along channel direction (9.5-7.3°S). All quantities are plotted as function of the along channel coordinate x (south-north direction). The model was configured on 2440 x 1 horizontal grids. The grid spacing is 100 m in the along channel direction (Ax) and it is 12000 m in the west-east direction (Ay). In the vertical direction, there are 38 grids (Az) which vary in thickness to accommodate 22 International Journ more resolution near the interface depth of the stratified water (thermocline). The vertical grid spacing ranges from approximately 50 m in the interface depth to about 150 m near the bottom. In this study, the ocean circulation system is forced by imposing tidal displacements at the northern and southern boundaries. The values for elevation used at the two open boundaries were a combination of M 2 , S 2 , N 2 , K 2 , K t , Oi, Pi, I and Qi tidal elevations derived from the tide model driver (TMD) of Padman (2005) . In order to minimize reflections at the open boundaries, the Sommerfeld radiation condition (Chapman, 1985) was implemented in the model to represent the flow velocity at these open boundaries.
As mentioned in section 1, it is quite likely that internal waves appear along the density gradients within the ocean and the I largest frequency for the internal waves occur in the thermocline. In order to better I understand the dynamics of internal waves I and their variation in the Lombok Strait, I four different numerical simulations with I different parameters of the thermocline I locations of the stratified fluid and of the I density difference between the water layers • have been carried out in this study. The I four different numerical simulations refers I to scenarios in which the seasonal I thermocline is present in the Strait of I Lombok, namely associated with the west-I east transitional monsoon (the l sl 1 transitional monsoon), the east-monsoon, I the east-west-transitional monsoon (the 2 nd I transitional monsoon), and the west-I monsoon, respectively. For simplicity, in I this study we considered the density I difference between the water layers only I caused by the difference in temperature. I Here, we neglected the spatial and temporal I variability of salinity. Initial values of the temperature and the interface depth were specified by the Levitus data of WOA98 (http://iridl.ldeo. columbia.edu). Temperature is also specified along the open boundaries. If the fl ow is directed out of the domain, the interior values are simply advected out of the domain. When outflow turns to inflow, the water property values move toward specified values, which were specified by the the Levitus data of WOA98. Table 1 shows typical values of parameters, characterizing the water stratification, used as initial values in the four scenarios of simulation associated with the monsoon climate that exists in the Lombok Strait. Each scenario of simulation associated with monsoon condition was carried out by running the model for several tidal cycles which cover both the period of spring and neap tides (+15 days) and of the available SAR images representing each seasonal climatology as shown in Figure 1 , so that the comparison of our numerical simulations with the results of the available ERS-1/2 SAR data could be performed.
Simulations of Internal Waves in the Lombok Strait and Comparison with ERS-1/2 SAR IMAGES and
Observed Data Our simulation yields the results that the current circulation pattern in the Lombok Strait is generally associated with the prevailing tides in the Indian Ocean. During high tides, the current flows from the Indian Ocean into the strait. Otherwise, during low tides, the current flows southward into the Indian Ocean (Figures 3  and 4) . In this study, we have carried out verification by comparing the simulation results of elevation induced by the tidedriven circulation with those of tide-gauge data from Lembar as reported by Susanto et al. (2005) . The verification is shown in Figure 5 and it can be clearly seen from the figure that the tidal type around the sill region is mixed (semidiurnal and diurnal tides).
In addition to the general circulation pattern described above, the numerical simulation results also show the existence of some short of divergence and convergence area as an indication of the birth of internal waves (Figures 6-9) . In this study, the manifestations of the passage of the internal waves are also indicated by the movement of points of equal temperature (isotherms) or the agitation of the isotherm from its initial state. Due to the presence of the sill, the vertical component of the current periodically pulls down or lifts up the isotherm. The disturbance of the isotherm at this sill will then generate internal bores. During the propagation of the internal bores, they may disintegrate and thus give birth to a train of internal solitary waves (solitons). Our simulation results, carried out with different values of the stratification parameters representing the seasonal variations, can reproduce the generation of the internal solitary wave trains and their propagation northward as well as southward.
Figures 6-9 show space evolution of the interface between the stratified layers, representing internal solitary waves, as calculated with the numerical model in the case of the west-east transitional monsoon, the east monson, the east-west transitional monsoon, and the west monsoon, respectively. The arrows indicate the direction and the strength of the water flow.
Dynamical parameters of these simulated internal waves and internal solitary waves (Figures 6-9 ) are summarized in Table 2 .
During the monsoon transition periods and the west monson (Figure 6 -9, and Figures  8-9 ), the disturbance of isotherm south of the sill region is apparently stronger than that north of it. This means that the amplitudes (peak to trough) of internal waves and solitons in the southern part of the strait are apparently more significance than in the northern one because the depth profile is steeper south of the sill than north of it. In addition, as the vertical density gradients (the water stratification) in the southern part of the strait are generally smaller than those in the northern one (Table 1) , required energy to move water particles vertically is smaller south of the sill than north of it. Therefore, the amplitudes of internal waves and solitons at the southern part of the strait (the internal wave amplitudes are about 90-285 m; the soliton amplitudes are about 30-88 m) is larger than those at the northern one (the internal wave amplitudes are about 50-78 m; the soliton amplitudes are about 25-81 m), as shown in Table 2 . However, during the east monsoon ( Figure  7) , the wave amplitudes is larger north of the sill than south of it (Table 2) . Although the depth profile is steeper south of the sill than north of it, during the east monsoon the vertical density gradient in the northern part of the strait are smaller than that in the southern one (Table 1) . Hence, during the east monsoon, the wave amplitudes in the northern region (the internal wave amplitude is about 300 m; the soliton wave amplitudes are about 60-80 m) is larger than those in the southern one (the internal wave amplitude is about 64 m; the soliton wave amplitudes are about 20-80 m). In general, during the west monson and the monsoon transition periods (the east monsoon), the larger (smaller) wave amplitudes south of the sill than north of it causes the shorter (longer) their wavelength south of the sill than north of it.
Our numerical simulations show that the phase speeds of the northward propagating internal waves trains (0.71-2.67 m/s) are faster than those of the southward one (0.21-1.53 m/s) throughout the monsoon periods. These simulated results agree well with those investigated by Susanto et al. (2005) and the relationship calculated analytically with the equation of the two-layer approximation (Bishop, 1984) , which is usually expressed as e -H*?)-Pffi
<7)
where h x is the depth of density interface (usually the thermocline), g is gravity, /?, is the density of the upper fluid, and p 2 is density of the lower fluid. Table 3 shows an example of averaged values of propagation speeds of southward-and northward-propagating internal waves trains in the Strait of Lombok calculated with the equation (7); here, the slower speeds of the southward propagating waves indicates that the Indian Ocean stratification is less intense from that of the northern part of the Lombok Strait.
The simulated results of characteristics of internal waves in the Lombok Strait agree at least qualitatively with the results of the available ERS 1/2 SAR data analyzed by Susanto et al., 2005 . In addition, our simulation results can also reproduce the presence a well-developed thermal plume south the sill, which is intruded into the Indian Ocean, as identified on several ERS SAR images by . Moreover, our simulation present the large seasonal variations of the location of the front associated with this Pacific water plume south of the Lombok Strait (Figures 6-9 and Table 2 ). reported that the extent and shape of the thermal plume are determined by the water transport through the strait and characteristics of the South Java Current which in turn depend both local and remote atmospheric forcing, such as the annual cycle of the monsoon winds and prolonged disturbances in wind field. For internal waves in the Strait of Lombok the comparison of our numerical with those investigated by previous simulations of dynamical parameters of scientists, we provided a summary of their southward-and northward-propagating dynamic parameters in Table 4 . Dynamical parameters of southward-and northward-propagating internal waves in the Strait of Lombok, estimated in the present and past studies. Ningsih et al, 2004; Susanto et al, 2005) that the internal solitary waves in the Lombok Strait are generated by the interaction of the tidal flow with the shallow sill located between the Nusa Penida and Lombok Islands. Generally, the characteristics of internal waves in the Lombok Strait obtained from the present simulation show a good agreement with the analysis of the available ERS 1/2 SAR
Concluding Remarks
The generation of internal tidal bores and their disintegration into internal solitary waves in the Strait of Lombok and their relation to seasonal variations (monsoon) have been investigated by using the MITgcm model. The model results could confirm suggestion by previous investigators (e.g.,  data of ihe Sirail of Lombok. which were carrried oui by Milnik el at. (2000) and Susantoc/fl/.(2605).
The simulation results show that the stratification of the water body associated with monsoon climate and (he strength of the water flow through the strait play an important role in determining dynamical parameters of the internal waves in the Lombok Strait. Our simulation showed that (I) northward as well as southward propagating internal waves are generated in the Strait of Lombok, (2) during the monsoon transition periods and the west monson, the amplitudes of internal waves and solilons at the southern part of the strait are larger than those at the northern one, whereas during the east monsoon, the wave amplitudes are larger north of the sill than south of it (3) the phase speeds of the northward propagating internal waves trains are faster than those of the southward one throughout the monsoon periods.
In the present study, variation of the dynamic parameters of the internal waves in | te Lombok Strait has been simply modelled, namely by approximating the computational domain with the uniform channel width, neglecting spatial and temporal variability of salinity, and by only considering tides as generating forces, whereas stratification effects and realistic geometry that exist in the Lombok Strait are likely to be complex and variable. In addition, very likely that both local and remote atmospheric forcing will control the internal-wave generation and propagation in this region. Therefore, idvanced modelling studies are necessary for more accurate calculation of dynamic parameters of the internal waves in the Strait of Lombok. namely by taking into account a realistic channel width, variability of saline stratification as well as the thermal one, background current associated with the ITF, and wind. As an extension of this research, thiskind of study iscurrently in progress.
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